Abstract Classic galactosemia is a rare genetic disease of the galactose metabolism, resulting from deficient activity of galactose-1-phosphate uridylyltransferase (GALT). The current standard of care is lifelong dietary restriction of galactose, which however fails to prevent the development of long-term complications. Structural-functional studies demonstrated that the most prevalent GALT mutations give rise to proteins with increased propensity to aggregate in solution. Arginine is a known stabilizer of aggregationprone proteins, having already shown a beneficial effect in other inherited metabolic disorders.
Herein we developed a prokaryotic model of galactose sensitivity that allows evaluating in a cellular context the mutations' impact on GALT function, as well as the potential effect of arginine in functionally rescuing clinically relevant variants.
This study revealed that some hGALT variants, previously described to exhibit no detectable activity in vitro, actually present residual activity when determined in vivo.
Furthermore, it revealed that arginine presents a mutationspecific beneficial effect, particularly on the prevalent p.Q188R and p.K285N variants, which led us to hypothesize that it might constitute a promising therapeutic agent in classic galactosemia.
Introduction
Classic galactosemia (OMIM #230400) is a rare metabolic disease resulting from deficient activity of galactose-1-phosphate uridylyltransferase (GALT, EC 2.7.7.12), the second enzyme of the Leloir pathway (Fridovich-Keil and Walter 2008) . This inherited metabolic disorder is a potentially lethal disease that develops in the neonatal period, upon exposure to galactose in milk (Berry and Walter 2012; Fridovich-Keil and Walter 2008) . The present standard of care is a lifelong galactose-restricted diet, which, notwithstanding its irrefutable life-saving role in the neonatal period, fails to prevent long-term cognitive, motor, and fertility impairments (Bosch 2006; FridovichKeil and Walter 2008; Waggoner et al. 1990) , and thus intense research has been dedicated to the pursuit of a more effective therapy.
Classic galactosemia is caused by mutations in the GALT gene, and more than 260 variations have already been described, the majority being missense mutations (>60%) (Calderon et al. 2007; Leslie et al. 1992) . Structural and functional studies demonstrated that clinically relevant GALT mutations result in misfolded protein variants (Coelho et al. 2014; McCorvie et al. 2013) . A decrease in thermal and conformational stability has been observed for several GALT variants (McCorvie et al. 2013) , although the most frequent GALT mutations actually affect the variants' aggregation propensity, particularly the p.Q188R variant, responsible for >60% of galactosemic phenotypes (Coelho et al. 2014; Suzuki et al. 2001) .
Arginine has been previously described as therapeutically beneficial for a pyruvate dehydrogenase complex-deficient patient whose biochemical and clinical symptoms significantly improved upon arginine aspartate intake (Silva et al. 2009) . A positive role of arginine has also been observed in the peroxisome function of cultured cells from peroxisome biogenesis disorder patients with mutations in PEX1, PEX6, and PEX12 (Berendse et al. 2013) . Furthermore, arginine is a long-recognized protein stabilizer that has been proposed to exert an anti-aggregation effect by increasing the activation energy of protein aggregation (Baynes et al. 2005) . In line with this, we sought to evaluate whether arginine exerts a protective stabilizing effect towards clinically relevant GALT variants. Accordingly, this study aimed to evaluate the effect of arginine on rescuing variant GALT function and alleviating galactose-induced toxicity in a prokaryotic model of galactose sensitivity.
Materials and Methods

Cloning and Mutagenesis
The Escherichia (E.) coli K-12DgalT strain (JW0741-1;D galT730::kan), with a deletion of the endogenous galT gene, was purchased from the Coli Genetic Stock Center (Baba et al. 2006) . The human GALT (hGALT) cDNA sequence, including an N-terminal hexa-histidyl tag-encoding sequence, was cut from the pET24b-based construct reported in (Coelho et al. 2014 ) with the BamHI and HindIII restriction enzymes and cloned into the pTrcHisA expression vector (Invitrogen). The mutations originating the studied variants (p.S135L, p.G175D, p.P185S, p.Q188R, p.R231C, pR231H, p.K285N, and p.N314D) were introduced by site-directed mutagenesis, as previously described (Coelho et al. 2014) , and confirmed by direct sequencing. As a negative control, we employed a pTrcHisA-based vector containing the cDNA encoding the human enzyme phenylalanine hydroxylase (hPAH) (Leandro et al. 2000) .
Cell Cultures and Growth Media
Non-transformed and wild-type hGALT-transformed E. coli DgalT were first grown in M9 minimal medium (Maniatis et al. 1982) containing either 1% glucose (with or without 1% galactose), 1% glycerol, or 1% galactose as carbon sources, to evaluate the ability of wild-type hGALT to alleviate galactose toxicity.
Cultures expressing all hGALT variants and hPAH were grown at 37 C in M9 minimal medium (Maniatis et al. 1982) containing glycerol (1%) as sole carbon source, from a starting optical density at 600 nm (OD 600nm ) of 0.05. At OD 600nm ¼ 0.3, 250 mM isopropyl-D-thiogalactoside (IPTG) was added to all cultures to induce protein expression, as well as 25 mM arginine to cultures III and IV (Table 1) . After 1 h of protein expression induction, 1% galactose was added to cultures II and IV (Table 1 ). Cultures growth was followed by hourly measurements of OD 600nm , starting at induction time (t ¼ 0 h) and up to 9 h. Growth curves were obtained from plotting OD 600nm from cultures I and II (Table 1) as a function of time (Figs. 1, 2, and 3 show representative graphics from multiple independent experiments). To directly evaluate the arginine effect on the rescue from galactose toxicity, ratios r and r arg were calculated according to Eqs. (1) and (2), respectively, and were plotted as a function of time (Figs. 2 and 3 show representative graphics from multiple independent experiments). Recombinant production of hGALT and hPAH was confirmed by immunoblotting analysis, using, respectively, the anti-GALT and anti-His primary antibodies (sc-365577, Santa Cruz Biotechnology; 27-4710-01, GE Healthcare Biosciences).
Results and Discussion
We have developed a prokaryotic model of galactose sensitivity using the E. coli DgalT strain, with a deletion of the endogenous galT gene (Baba et al. 2006) . Expressing hGALT variants in this E. coli strain, and assaying the cultures sensitivity to galactose in the culture medium, allows evaluating the mutations severity in a cellular context, as well as testing stabilizing compounds. Previous studies reported a yeast model of galactose sensitivity (Riehman et al. 2001; Ross et al. 2004) , which is however technically more demanding and time-consuming comparatively to E. coli.
Effect of Carbon Sources upon the Growth of Nontransformed and Wild-Type hGALT-Transformed E. coli DgalT
Non-transformed and wild-type hGALT-transformed E. coli DgalT were initially grown in the presence of different carbon sources. For non-transformed E. coli DgalT cultured under glucose or glucose plus galactose, the growth curves were indistinguishable, since glucose is the preferred carbon source and galactose represents no toxicity in the presence of this hexose. This absent toxicity of galactose likely results from carbon catabolite repression exerted by glucose, which represses the galactose uptake systems GalP and Mgl (G€ orke and St€ ulke 2008; Misko et al. 1987; Shimizu 2013; Steinsiek and Bettenbrock 2012) . In the presence of glycerol, transported into E. coli through facilitated diffusion (Chu et al. 2002) , the growth rate was approximately half of that observed in the presence of glucose, confirming that this polyol is not as efficient as glucose as a carbon source, as previously described (Chu et al. 2002) . In the presence of galactose, the growth was practically arrested, indicating the inability of this strain to Bacteria were grown at 37 C in M9 minimal medium with 1% glycerol as carbon source. At OD 600nm =0.3, protein expression was induced with 250 mM IPTG. After 1 h, vehicle (water, full squares) or 1% galactose (hollow squares) was added to the cultures, and the growth was followed by hourly measurements of OD 600nm up to 9 h. Growth curves are representative graphics from several independent experiments (n ¼ 12 for wild-type hGALT and n ¼ 12 for PAH) Fig. 2 Arginine improves the function of p.Q188R, p.K285N, and p.G175D hGALT. Growth profiles of Escherichia coli DgalT expressing the p.Q188R, p.K285N, and p.G175D hGALT variants (Panels a, c, and e, respectively) in the absence or presence of galactose. Bacteria were grown at 37 C in M9 minimal medium with 1% glycerol as carbon source. At OD 600nm =0.3, protein expression was induced with 250 mM IPTG. After 1 h, vehicle (water, full squares) or 1% galactose (hollow squares) was added to the cultures, and the growth was followed by hourly measurements of OD 600nm up to 9 h. Simultaneously with water/galactose, 25 mM arginine or vehicle (water) was added to the cultures. Panels b, d, and f depict the ratio curves for bacteria expressing, respectively, p.Q188R, p.K285N, and p.G175D hGALT, obtained by dividing, at each time point, the OD 600nm in the presence or absence of galactose (black circles, in the presence of 25 mM arginine; hollow circles, absence of arginine). The gray-shaded areas and the white arrows depict the effect of arginine in improving the ability of these variants to alleviate galactose toxicity, highlighted by white arrows. Growth curves are representative graphics from several independent experiments (n ¼ 4 for p.Q188R and n ¼ 3 for p.G175D and p. K285N) use galactose as carbon source and/or its high toxicity. In turn, E. coli DgalT expressing wild-type hGALT presented growth curves identical to the non-transformed strain in all conditions, except when galactose was the single carbon source, in which the growth was significantly higher than that of the non-transformed bacteria. This strongly suggests that the expression of hGALT enables the utilization of galactose as a carbon source and/or abolishes the galactose sensitivity of the E. coli DgalT strain (Fig. 1a) .
Galactose Sensitivity of Bacteria Expressing Different hGALT Variants
To evaluate the ability of the studied hGALT variants to sustain growth in the presence of galactose when expressed in E. coli DgalT, the bacteria expressing wild-type hGALT were used as the positive control, whose growth was barely affected by the presence of 1% galactose (Fig. 1a) . Bacteria expressing wild-type hPAH were used as the negative control, with galactose severely arresting the culture growth (Fig. 1b) . Taken together, these observations confirm the toxicity of galactose in our model, since the PAH-expressing cells are still able to use glycerol as carbon source, while being severely affected by galactose. By expressing an unrelated protein, we aimed to subject the control bacterial cultures to the same metabolic demands associated with protein production as the cultures expressing hGALT. Interestingly, using glycerol as sole carbon source (condition I, Table 1), the hPAH-producing culture exhibited a much higher growth rate than hGALT (wild-type and variants) cultures in the same conditions (Fig. 1b, upper  panel) . This may arise from the fact that producing different recombinant proteins has different energy costs to the bacterial cells.
Bacterial cultures expressing the variants p.N314D, p.S135L, and p.R231H showed essentially no growth arrest upon galactose addition, presenting a galactose growth curve essentially superimposable to that of glycerol alone (not shown). Cells expressing the p.Q188R, p.K285N, p.G175D, and p.R231C variants exhibited variable levels of galactose toxicity (Figs. 2a, c, e and 3c ). On the other hand, cultures expressing p.P185S showed a highly galactose-sensitive profile, similarly to the negative control (Fig. 3a) . No clear correlation could be established between the variants' toxicity and the in vitro specific activity (Coelho et al. 2014) , suggesting that some hGALT variants Fig. 3 Absent or negative effect of arginine on p.P185S and p.R231C hGALT function. Growth profiles of Escherichia coli DgalT expressing the p.P185S and p.R231C hGALT variants (Panels a and c, respectively), in the absence or presence of galactose. Bacteria were grown at 37 C in M9 minimal medium with 1% glycerol as carbon source. At OD 600nm =0.3, protein expression was induced with 250 mM IPTG. After 1 h, vehicle (water, full squares) or 1% galactose (hollow squares) was added to the cultures, and the growth was followed by hourly measurements of OD 600nm up to 9 h. Simultaneously with water/galactose, 25 mM arginine or vehicle (water) was added to the cultures. Panels b and d depict the ratio curves for bacteria expressing, respectively, p.P185S and p.R231C hGALT, obtained by dividing, at each time point, the OD 600nm in the presence or absence of galactose (black circles, in the presence of 25 mM arginine; hollow circles, absence of arginine). Growth curves of E. coli DgalT cultures expressing the p.P185S variant (Panel a) suggest a galactose-sensitivity profile similar to that of hPAH (negative control), and the ratio curves (Panel b) show complete functional unresponsiveness to arginine supplementation. Growth curves of DgalT E. coli expressing p.R231C (Panel c) suggest a very mild galactose-sensitivity profile, and the ratio curves (Panel d) show a puzzlingly negative effect of arginine. Growth curves are representative graphics from several independent experiments (n ¼ 2 for p.P185S and n ¼ 3 for p.R231C) present some residual activity in vivo that, however, is not detectable in vitro, particularly p. K285N, p.R231C, and p.R231H (Coelho et al. 2014) .
Arginine Rescue of the hGALT Variants
Wild-type hGALT ratio curves (r and r arg ) revealed a slight degree of response to the medium supplementation with arginine (not shown), which is not surprising since it has been described that arginine is also able to stabilize the proteins' native state (Arakawa and Tsumoto 2003) . In contrast, wild-type hPAH ratio curves (r and r arg ) are superimposable, which rules out any indirect effect of arginine in improving the growth profiles of the cultures expressing the hGALT variants.
Interestingly, p.N314D, which is believed to be the ancestral allele (Carney et al. 2009 ), appears to be insensitive to arginine, as well as p.S135L and p.R231H which show essentially overlapping ratio curves. Notably, the p.Q188R, p.K285N, and p.G175D variants were partially rescued by arginine, with r arg > r (Fig. 2b, d and f). The rescue of p.Q188R is remarkable, due to its high prevalence and to its classification as a severe mutation particularly prone to aggregation (Coelho et al. 2014; Shield 2000; Suzuki et al. 2001) . Immunoblotting analysis of the soluble lysate revealed that this variant is actually highly expressed (higher than the wild type or any other variant), which may account for the unexpected high tolerance of the cultures even in the absence of arginine (not shown). The p.R231C variant displays ratio curves with the puzzling feature of a slightly increased toxicity in the presence of arginine (Fig. 3d) . In turn, p.P185S ratio curves are very similar to the hPAH negative control, revealing its severe functional impairment and unresponsiveness to the potential stabilizing effect of arginine ( Fig. 3b and d) .
The reproducibility of the ratio curves clearly indicates that arginine's mode of action is mutation specific, showing it is indeed functionally improving variants p.Q188R, p.K285N, and p.G175D in alleviating the galactose toxicity.
Conclusion
We have developed a prokaryotic model of galactose sensitivity that allows evaluating the impact of human GALT mutations on the function of GALT variants, with the additional advantage of being assessed in a cellular context. In fact, this study has revealed that some hGALT variants present residual activity in cell cultures that, however, is not detectable when determined in vitro with the recombinant protein (Coelho et al. 2014) . Additionally, this bacterial model of galactose sensitivity has also proven useful in evaluating potential therapeutic agents for new therapeutic approaches against classic galactosemia. Previous studies on the molecular basis of classic galactosemia associated with missense mutations reported that the main pathogenic mechanism relates to protein misfolding, resulting in increased protein aggregation (Coelho et al. 2014) or decreased thermal and conformational stability (McCorvie et al. 2013) . Accordingly, we have studied the potential beneficial effect of arginine, a well-established suppressant of protein aggregation (Baynes et al. 2005) . Arginine has shown a mutation-specific effect, with p.Q188R, p.K285N, and p.G175D variants being rescued, suggesting that this amino acid could be of some therapeutic benefit in patients carrying these mutations. Notably, p.Q188R results from the most prevalent mutation in Western countries, accounting for over 60% of GALT mutant alleles (Suzuki et al. 2001) , which entails a great therapeutic impact of arginine in classic galactosemia.
These results lay a foundation for future studies using the prokaryotic model of galactose sensitivity and put forward the hypothesis that arginine might be of some benefit in classic galactosemia, setting the stage for further studies.
